BENCHMARKS
The serial analysis of gene expression (SAGE) provides highthroughput information on researched samples. SAGE generates 9-13 bp tags from messenger RNA (mRNA) of the sample, and all tags are ligated to form concatemers for cloning and sequencing (1) . LongSAGE uses similar procedures but a different restriction enzyme to obtain longer tags (19-21 bp). Both SAGE and LongSAGE tags are counted and statistically analyzed. The number of tags represents the expression of their corresponding genes. Large numbers of tags are required for more reliable statistical analysis of gene expression. The SAGE is being improved to increase the tag quality and quantity for analysis. For ditag PCR amplification, the primer pair was redesigned to prevent selfannealing and improve amplification efficiency (2) . NlaIII digestion of PAGE-purified 102-bp ditags is an important step to produce 26-bp ditags for concatemerization. An extra purification step was added before NlaIII digestion to increase the efficiency of NlaIII digestion (3). LongSAGE tags (19-21 bp) were introduced to increase accuracy of tag identification (4-6). A heating step was added before gel electrophoresis to break contaminating aggregates (7) . Low-cycle PCR amplification of the 3′ cDNA before BsmFI digestion and gel purification of the 3′cDNA after the BsmF1 digestion were introduced to generate high quantity and quality of tag/ditag (8) . RobustLongSAGE (RL-SAGE) was reported to increase the cloning efficiency by briefly digesting circular concatemers (9) . Although these improvements enhance the SAGE efficiency, the number of long concatemers is still low. We report here two improvements to obtain cloned concatemers longer than 1 kb effectively: (i) briefly digesting the concatemers by NlaIII twice with an additional ligation between the digestions and (ii) selecting larger colonies.
The procedures from RNA extraction to concatemer formation were performed by using the SAGE™ kit (Invitrogen, Carlsbad, CA, USA) or LongSAGE™ kit (Invitrogen). RNA extracted from different developmental stages of Lentinula edodes by TRI Reagent ® (Molecular Research Center, Cincinnati, OH, USA) was the starting material for SAGE and LongSAGE. After NlaIII digestion, ditags were ligated to form concatemers and briefly digested using 1 μL NlaIII (10 U/μL; Invitrogen) in a total volume of 50 μL for 1 min at 37°C. The digested concatemers were selfligated with the addition of 1.25 μL T4 DNA ligase (4 U/μL; Invitrogen) in a total volume of 10 μL at 16°C for 1.5 h and briefly digested using 1 μL NlaIII in a total volume of 50 μL again for 1-2 min at 37°C. The digested concatemers were electrophoresed in an 8% polyacrylamide gel to isolate different sizes of concatemers. Concatemers of 300-500, 500-800, and 800-1000 bp were purified and ligated into the pZErO ® -1 vector (Invitrogen) and then transformed into One Shot ® TOP 10 Electrocomp™ E s c h e r i c h i a c o l i (Invitrogen) by electroporation. Zeocin-resistant colonies were picked for PCR screening. PCR was performed by M13 forward (-20) and reverse primers in a 25-μL reaction mixture with following conditions: 94°C for 30 s, 55°C for 1 min, 70°C for 1 min for 25 cycles. The size of each cloned concatemer was determined by 1.5% agarose gel electrophoresis using 1 μL of each reaction.
Four SAGE libraries were generated by SAGE methods with various improvements. The first library was produced by using the conventional SAGE method. It was found that about 80% of the concatemers were below 500 bp (Figure 1 ). The second library was produced by the conventional SAGE method with an additional heating step before gel electrophoresis of concatemers (7) . Although around 70% of the concatemers obtained was still below 500 bp, the number of 500-700 bp concatemers was doubled (Figure 1) , suggesting that adding a heating step is useful for obtaining longer concatemers. However, the number of concatemers longer than 700 bp remained unchanged. The third library was produced by using the LongSAGE with the concatemers briefly digested by NlaIII before size Figure 1 . Comparison of the sizes of concatemers from serial analysis of gene expression (SAGE) libraries generated by four different conditions. The first SAGE library was generated by using Lentinula edodes primordium as starting material, the second SAGE library was L. edodes dikaryotic mycelium, the third SAGE library was L. edodes fruit body before spore formation, and the fourth SAGE library was L. edodes fruit body after spore formation. The first and second SAGE libraries were generated by regular SAGE procedures, and approximately 600 colonies were analyzed. The third and fourth SAGE libraries were generated by LongSAGE procedures, and approximately 300 colonies were analyzed. Concatemers from different libraries were divided into five size fractions based on their insert size. fractionation by gel electrophoresis (9) . Some concatemers may be circularized and retained in the 500-1000 bp fractions. Because circular concatemers cannot be ligated into the vector, the cloning efficiency would be affected. The brief NlaIII digestion aimed to linearize these circular concatemers for transformation. In this library, about 50% of the LongSAGE concatemers obtained were 500-700 bp, and the number of concatemers with 700-900 bp was increased 5-fold ( Figure 1) . However, few concatemers were longer than 1 kb. Thus, the brief NlaIII digestion of concatemers before size fractionation was effective for obtaining longer concatemers of 500-900 bp.
Modification of LongSAGE for obtaining and cloning long concatemers
The fourth library was produced by LongSAGE, and the concatemers were briefly digested with NlaIII, as was done for the third library, and then ligated again. Since the first NlaIII digestion linearized circular concatemers, many of which were 500-700 bp as observed in the third library, we hypothesized that an additional ligation step would join the digested concatemers and would yield longer concatemers. However, many of them would likely circularize again. Therefore, these longer concatemers were briefly digested again with NlaIII to linearize circular concatemers and then size-fractionated by gel electrophoresis. The concatemers of the appropriate size ranges were purified, cloned, and PCR-amplified for size determination. The proportion of concatemers longer than 1 kb was increased almost 40 times (Figure 1) . Therefore, our improvement not only increased the cloning efficiency, but also increased the proportion of concatemers longer than 1 kb.
In addition, we found that large colonies with diameters about four times that of small colonies contain longer concatemers (Figure 2 ). Colonies were spread on low salt LB plates with 50 ng/mL zeocin (Invitrogen) for >16 h incubation. Small and large colonies with a diameter of 0.5 and 2 mm, respectively, were selected for amplification of their inserts.
Although the heating step reduced aggregation of concatemers, short concatemers still contaminated the fractions of longer concatemers. A significant effort was required to screen for long inserts by PCR. The successful insertion into the pZErO-1 vector is based on the disruption of the lethal Escherichia coli gene ccdB (10) . The CcdB protein induces DNA breakage and cell death. Short inserts may not disrupt the gene effectively, resulting in residual growth inhibition. We postulated that the longer the concatemer insert, the less the growth inhibition by the ccdB gene. Indeed, this postulation appeared to be reasonable, because by selecting larger colonies, we could obtain a higher proportion of concatemers longer than 1 kb, while most small colonies carried shorter inserts.
As the efficiency of SAGE depends on the quantity of tags obtained, producing more tags with less effort represents a significant improvement. This report presents two modifications that greatly increase the average number of tags per cloned concatemer. The increased number of tags in each concatemer can greatly reduce the cost of screening and sequencing. lanes 15 and 16) is the 100-bp ladder. SAGE, serial analysis of gene expression.
